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(57) ABSTRACT

Systems, methods and devices for optimizing heat transfer
within a device or system used to compress and/or expand a
gas, such as air, are described herein. In some embodiments,
acompressed air device and/or system can include an actuator
such as a hydraulic actuator that can be used to compress a gas
within a pressure vessel. An actuator can be actuated to move
a liquid into a pressure vessel such that the liquid compresses
gas within the pressure vessel. In such a compressor/expander
device or system, during the compression and/or expansion
process, heat can be transferred to the liquid used to compress
the air. The compressor/expander device or system can
include a liquid purge system that can be used to remove at
least a portion of the liquid to which the heat energy has been
transferred such that the liquid can be cooled and then
recycled within the system.
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1

SYSTEMS, METHODS AND DEVICES FOR
THE MANAGEMENT OF HEAT REMOVAL
WITHIN A COMPRESSION AND/OR
EXPANSION DEVICE OR SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/350,041, entitled “Systems, Methods and
Devices for the Management of Heat Removal within a Com-
pression and/or Expansion Device or System,” filed on Jan.
13, 2012, which claims priority to and the benefit of U.S.
Provisional Patent Application No. 61/432,331, entitled
“Systems, Methods and Devices for the Management of Heat
Removal within a Compression and/or Expansion Device or
System,” filed on Jan. 13, 2011, the disclosures of which are
hereby incorporated by reference herein in their entireties.

BACKGROUND

The invention relates generally to systems, devices and
methods for the compression and/or expansion of a gas, such
as air, and particularly to a system, device and method for
optimizing heat transfer during the compression and/or
expansion of a gas.

Some known devices, methods and systems used to com-
press and/or expand a gas, such as air, and/or to pressurize
and/or pump aliquid, such as water, can be used, for example,
within a compressed air energy storage system. In some com-
pressed air devices and systems, a hydraulic actuator can be
used to move or compress air within a pressure vessel. For
example, an actuator can move a liquid within a pressure
vessel such that the liquid compresses air in the pressure
vessel.

Such known devices and systems used to compress and/or
expand a gas and/or to pressurize and/or pump a liquid can
change the temperature of the gas during, for example, a
compression or expansion process. For example, compress-
ing a gas can convert heat energy from its latent form into its
sensible form, thereby increasing the temperature of the gas.
Various heat transfer mechanisms can be used to remove heat
energy from the gas being compressed during the compres-
sion process. In some known devices and systems, heat
energy in the gas being compressed within a pressure vessel
can also be transferred to the liquid used to compress the gas.

Thus, there is a need to improve and/or optimize the heat
transfer devices and methods used to transfer heat during a
compression and/or expansion process within such devices
and systems used to compress and/or expand a gas.

SUMMARY OF THE INVENTION

Systems, methods and devices for optimizing heat transfer
within a device or system used to compress and/or expand a
gas, such as air, are described herein. In some embodiments,
acompressed air device and/or system can include an actuator
such as a hydraulic actuator that can be used to compress a gas
within a pressure vessel. An actuator can be actuated to move
a liquid into a pressure vessel such that the liquid compresses
gas within the cylinder or pressure vessel. In such a compres-
sor/expander device or system, during the compression and/
or expansion process, heat can be transferred to the liquid
used to compress the air. The compressor and/or expander
device or system can include a liquid purge system that can be
used to remove at least a portion of the liquid to which the heat
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energy has been transferred such that the liquid can be cooled
and then recycled within the system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of a compression and/or
expansion system according to an embodiment.

FIG. 2 is a schematic illustration of a compression and/or
expansion device according to an embodiment, showing a
first time period of a compression cycle.

FIG. 3 is a schematic illustration of the compression and/or
expansion device of FIG. 2 showing a second time period of
a compression cycle.

FIG. 4 is a schematic illustration of the compression and/or
expansion device of FIG. 2 showing a third time period of a
compression cycle.

FIG. 5 is a schematic illustration of the compression and/or
expansion device of FIG. 2 showing a fourth time period of a
compression cycle.

FIG. 6 is a schematic illustration of the compression and/or
expansion device of FIG. 2 showing a fifth time period of a
compression cycle.

FIG. 7 is a schematic illustration of a compression and/or
expansion device according to another embodiment.

FIG. 8 is a schematic illustration of a compression and/or
expansion device, according to another embodiment.

DETAILED DESCRIPTION

Systems, methods and devices used to compress and/or
expand a gas, such as air, and/or to pressurize and/or pump a
liquid, such as water, are described herein. Such devices and
systems can be used, for example, within a compressed air
energy storage (CAES) system. In some compression and/or
expansion devices and systems, a hydraulic actuator can be
used to move or compress a gas within a pressure vessel. For
example, an actuator can move a liquid within a pressure
vessel such that the liquid compresses the gas in the pressure
vessel. Such compression devices and systems are described
in U.S. Provisional App. No. 61/216,942 and U.S. Patent
Publication Nos. 2011/0061741, 2011/0061836 and 2011/
0062166, each entitled “Compressor and/or Expander
Device” (collectively referred to as “the Compressor and/or
Expander Device applications™), incorporated herein by ref-
erence in their entirety. The Compressor and/or Expander
Device applications describe a CAES system that can include
multiple stages of compression and/or expansion. Other
examples of devices and systems for expanding and/or com-
pressing as gas are described in U.S. patent application Ser.
No. 12/977,724 to Ingersoll et al. (“the Ingersoll I applica-
tion”), entitled “System and Methods for Optimizing Effi-
ciency of a Hydraulically Actuated System,” and U.S. patent
application Ser. No. 12/977,679 to Ingersoll et al. (“the Inger-
soll IT application™), entitled “Methods and Devices for Opti-
mizing Heat Transfer Within a Compression and Expansion
Device,” the disclosures of which are incorporated herein by
reference in their entirety.

In some compression and/or expansion devices and sys-
tems, a piston can be movably disposed within a cylinder or
pressure vessel and actuated to compress air within the cyl-
inder or pressure vessel. Such a device can include a single-
acting piston configured to compress gas when moved in a
single direction, or a double-acting piston configured to com-
press gas when moved in either direction. Examples of such
compressed air devices and systems are described in U.S.
Patent App. No. 61/420,505 to Ingersoll et al. (“the Ingersoll
IIT application”), entitled “Compressor and/or Expander



US 9,260,966 B2

3

Device with Rolling Piston Seal,” the disclosure of which is
incorporated herein by reference in its entirety.

In some embodiments, the devices and systems described
herein can be configured for use only as a compressor. For
example, in some embodiments, a compressor device
described herein can be used as a compressor in a natural gas
pipeline, a natural gas storage compressor, or any other indus-
trial application that requires compression of a gas. In another
example, a compressor device described herein can be used
for compressing carbon dioxide. For example, carbon dioxide
can be compressed in a process for use in enhanced oil recov-
ery or for use in carbon sequestration.

In some embodiments, the devices and systems described
herein can be configured for use only as an expansion device.
For example, an expansion device as described herein can be
used to generate electricity. In some embodiments, an expan-
sion device as described herein can be used in a natural gas
transmission and distribution system. For example, at the
intersection of a high pressure (e.g., 500 psi) transmission
system and a low pressure (e.g., 50 psi) distribution system,
energy can be released where the pressure is stepped down
from the high pressure to a low pressure. An expansion device
as described herein can use the pressure drop to generate
electricity. In other embodiments, an expansion device as
described herein can be used in other gas systems to harness
the energy from high to low pressure regulation.

In some embodiments, a compression and/or expansion
device (also referred to herein as compressor/expander
device) as described herein can be used in an air separation
unit. In one example application, in an air separator, a com-
pression and/or expansion device can be used in a process to
liquety a gas. For example, air can be compressed until it
liquefies and the various constituents of the air can be sepa-
rated based on their differing boiling points. In another
example application, a compression and/or expansion device
can be used in an air separator co-located within a steel mill
where oxygen separated from the other components of air is
added to a blast furnace to increase the burn temperature.

A compression and/or expansion system can have a variety
of different configurations and can include one or more actua-
tors that are used to compress/expand a gas (e.g. air), within a
compression/expansion device. In some embodiments, an
actuator can include one or more pump systems, such as for
example, one or more hydraulic pumps and/or one or more
pneumatic pumps that can be use to move one or more fluids
within the system between various water pumps and pressure
vessels. As used herein, “fluid” can mean a liquid, gas, vapor,
suspension, aerosol, or any combination thereof. The Com-
pressor and/or Expander Device applications incorporated by
reference above describe various energy compression and
expansion systems in which the systems and methods
described herein can be employed.

As described herein, devices and systems used to compress
and/or expand a gas, such as air, and/or to pressurize and/or
pump a liquid, such as water, can release heat during, for
example, a compression process and/or can absorb heat dur-
ing, for example, an expansion process. The devices and
systems described herein can include one or more heat trans-
fer mechanisms to remove and/or add heat during the com-
pression and/or expansion processes. In some embodiments,
a heat transfer element can be used as described, for example,
in the Compressor and/or Expander Device applications and/
or the Ingersoll II application incorporated by reference
above. During an expansion process in a CAES system, when
compressed air is released from a storage structure and
expanded through the compressor/expander system, heat
from a source can be added to the air to increase the power
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generated during the expansion process. In some embodi-
ments, the source of heat can be at a relatively low tempera-
ture (e.g., between, for example, about 10° C. and about 50°
C).

In some embodiments, a heat transfer element can be posi-
tioned within the interior of a pressure vessel of a compressor/
expander device to increase the amount of surface area within
the pressure vessel that is in direct or indirect contact with gas,
which can improve heat transfer. The heat transfer element
may be configured to minimize the distance that heat must
travel through the air in order to reach the heat transfer ele-
ment, such as a maximum distance of 14", and other distances.
The heat transter element can provide for an increased heat
transfer area both with gas that is being compressed and with
gas that is being expanded (through a gas/liquid interface area
and/or gas/heat transfer element interface), while allowing
the exterior structure and overall shape and size of a pressure
vessel to be optimized for other considerations, such as, for
example, pressure limits and/or shipping size limitations. In
some embodiments, the heat transfer element can be a ther-
mal capacitor that absorbs and holds heat released from a gas
that is being compressed, and then releases the heat to a gas or
aliquid at a later time. In some embodiments, the heat transfer
element can be a heat transferring device that absorbs heat
from a gas that is being compressed, and then facilitates the
transfer of the heat outside of the pressure vessel.

In some embodiments, heat energy can be removed from a
gas during compression via a liquid that is present in one or
more pressure vessels of a compressor/expander device to
maintain the gas that is being compressed at a relatively
constant temperature. The heat energy can be transferred
from the gas to the liquid and/or the compressor and/or
expander device to a heat transfer element disposed within the
pressure vessel. After gas is provided to the compressor/
expander device, heat energy is removed from the gas, i.e. the
gas is kept cooler as it is compressed than would be the case
without the heat transfer element, and may be done to an
extent that the temperature of the gas remains relatively con-
stant. The temperature of the gas can be maintained, for
example, at about 5° C., 10° C., 20° C., 30° C. or other
temperatures that may be desirable, until discharged to, for
example, a compressed gas storage structure or a subsequent
compression stage. The gas stored in the storage structure
may be heated (or cooled) naturally through conductive and/
or convective heat transfer if the storage structure is naturally
at a higher (or lower) temperature. For example, in some
cases, the storage structure may be an underground structure,
such as a salt cavern constructed in a salt dome that is used for
storing the compressed gas. In some embodiments, the heat
transfer element can be designed such that the temperature of
the gas does not remain relatively constant, but instead
increases a relatively small amount, for example, 5° C.,
10° C., 20° C., 30° C.

As discussed above, heat may be added to the gas during an
expansion process. For example, heat can be added to the gas
at each of the stages of a multi-stage compression/expansion
system to hold gas temperatures at a substantially constant
temperature, such as at about 35° C., or other temperatures,
during the entire expansion process. The overall temperature
change of gas during expansion may be limited by a relatively
large amount of gas that expands in a relatively small volume
of'apressure vessel, and that is in contact with substantial heat
transfer surfaces.

As discussed above, heat can be transferred from and/or to
gas that is compressed and/or expanded by liquid (e.g., water)
within a pressure vessel. A gas/liquid or gas/heat element
interface may move and/or change shape during a compres-
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sion and/or expansion process in a pressure vessel. This
movement and/or shape change may provide a compressor/
expander device with a heat transfer surface that can accom-
modate the changing shape of the internal areas of a pressure
vessel in which compression and/or expansion occurs. In
some embodiments, the liquid may allow the volume of gas
remaining in a pressure vessel after compression to be nearly
eliminated or completely eliminated (i.e., zero clearance vol-
ume).

A liquid (such as water) can have a relatively high thermal
capacity as compared to a gas (such as air) such that a transfer
of'an amount of heat energy from the gas to the liquid avoids
a significant increase in the temperature of the gas, but incurs
only a modest increase in the temperature of the liquid. This
allows buffering of the system from substantial temperature
changes. Said another way, this relationship creates a system
that is resistant to substantial temperature changes. Heat that
is transferred between the gas and liquid, or components of
the vessel itself, may be moved from or to the pressure vessel
through one or more processes. In some embodiments, heat
can be moved in or out of the pressure vessel using mass
transfer of the compression liquid itself. In other embodi-
ments, heat can be moved in or out of the pressure vessel using
heat exchange methods that transfer heat in or out of the
compression liquid without removing the compression liquid
from the pressure vessel. Such heat exchangers can be in
thermal contact with the compression liquid, components of
the pressure vessel, a heat transfer element, or any combina-
tion thereof. Furthermore, heat exchangers may also use mass
transfer to move heat in or out of the pressure vessel. One type
of heat exchanger that can be used to accomplish this heat
transfer is a heat pipe as described in the Compressor and/or
Expander Device applications and the Ingersoll I application
incorporated by reference above. Thus, the liquid within a
pressure vessel can be used to transfer heat from gas that is
compressed (or to gas that is expanded) and can also act in
combination with a heat exchanger to transfer heat to an
external environment (or from an external environment).

In some embodiments, heat can be transferred from a gas
(such as air) that is compressed in a pressure vessel to increase
the efficiency of the compression process. Heat can be trans-
ferred from the gas to a liquid, and/or from the gas to a heat
transfer element within the compression vessel, and/or from
the compression liquid while it is inside or outside of the
pressure vessel. The amount of heat transferred from an
amount of gas being compressed can depend on the rate of
heat transfer from the gas and on the time over which the heat
transfer takes place, i.e. over the cycle time during which the
gas compression takes place. Thus, for a given rate of heat
transfer that can be achieved by a system, the more slowly the
system is operated (i.e., the longer the compression cycle
times), the more closely the compression cycle can approach
isothermal compression. However, slower compression cycle
times also correlate to lower gas volumetric and/or mass flow
rates. In the context of a CAES system, this equates to lower
energy storage rates, equivalently known as lower power.
Conversely, in a gas expansion process, the more slowly the
system is operated, the more heat energy can be transferred to
the expanding gas (for a given heat transfer rate) and the more
closely the expansion cycle can approach isothermal expan-
sion, which may correspond to more efficient consumption of
air mass relative to energy extracted/converted. However, in
the context of a CAES system, the resulting lower expanding
gas flow rate may equate to lower power production.

The use of a liquid (e.g. water) as a medium through which
heat passes (directly through contact between the gas and
liquid, or indirectly through an intermediary material ) during
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compression and/or expansion may allow for continuous
cooling or heating at enhanced heat transfer rates and may
provide a mechanism by which heat may be moved in and/or
out of the pressure vessel. That is, during compression, the
liquid may receive heat from gas thatis being compressed and
transfer this heat from the pressure vessel to the external
environment continuously, both while gas is being com-
pressed and while gas is being received by the pressure vessel
for later compression. Similarly, heat addition may occur
when a compressor/expander device is operating in an expan-
sion mode both during expansion, and as expanded gas is
passed from the pressure vessel.

The heat energy transferred from the gas to the liquid can
be removed from the pressure vessel by transferring the heat
energy from the liquid to or through some other medium to
the surrounding environment or other location outside the
pressure vessel. Alternatively, or in addition, the water itself
can be transferred out of the pressure vessel (along with the
stored heat energy). Thus, in some embodiments, a compres-
sion and/or expansion device can include a liquid purge sys-
tem that can remove some or all of the liquid used to receive
heat energy from a gas compressed within a pressure vessel
(or liquid used to provide heat energy to a gas expanded
within the pressure vessel). For example, in such a compres-
sion and/or expansion device, heat energy can be transferred
from the gas to the liquid, and a volume of the heated liquid
can then be purged from the pressure vessel to a location
where the heated liquid can be cooled. Once cooled, the liquid
can be cycled back into the system for use in compressing the
gas within a pressure vessel. In some embodiments, all of the
liquid used to compress the gas within a pressure vessel can
be purged from the pressure vessel. In some embodiments,
the purged liquid can be discharged to the next stage in a
multi-stage compression/expansion system.

In some embodiments, only a predetermined portion or
volume of the liquid used to compress the gas within a pres-
sure vessel is purged. Depending on, for example, the geom-
etry of the system, the rate of heat transfer, and/or the cycle
time, there may be a significant temperature gradient in the
liquid contained in the pressure vessel. For example, if a
column of water is exposed at its surface to the gas during
compression (e.g., if the water column, driven by a mechani-
cal piston, is used to compress the gas) heat energy transferred
though the surface and into the water column will create a
temperature gradient in which the surface is at the highest
temperature and the temperature decreases through the col-
umn with distance from the surface. The profile of the gradi-
ent may be such that a large portion of the total heat energy
transferred from the gas to the liquid is contained in a rela-
tively thin layer of the fluid adjacent the surface. Thus, it may
be desirable to remove or evacuate only a predetermined
portion or volume of liquid in that layer, closest to the gas
being compressed. The volume of liquid to be purged can be
selected so as to remove a desired amount of heat energy from
the compression and/or expansion device or system at an
acceptable cost in operating energy and/or equipment cost,
and with an acceptable impact on cycle time, to purge that
volume of liquid from the device and to replace it. By evacu-
ating only a portion of the volume of liquid used to compress
the gas, the cycle time of the compression and/or expansion
process can be reduced. Additionally, with shorter cycle
times, less actuating power may be needed, and therefore, the
compression and/or expansion device can include smaller
and/or less expensive actuators to pump the compression
liquid within the system.

Thus, in some embodiments, the stroke of the compression
cycle can be tailored to the needs of the particular system or
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facility, trading off energy storage rates against operating
efficiency. For example, in a given CAES system, it may be
desirable to operate with a stroke time for the compression
cycle of, for example, 3 seconds to generate a maximum
energy storage rate (limited by operating constraints such as
actuator power). Alternatively, if a lower energy storage rate
is acceptable, it may be desirable to operate at higher energy
efficiency, with a compression cycle of, for example, 6.5
seconds.

In some embodiments, it may be desirable for the tempera-
ture of the compression/heat transfer liquid (e.g., water) to
approach the temperature of the gas (e.g., air) as closely as
possible during a compression cycle so as to not degrade
waste heat. For example, if during a compression cycle the
gas increases in temperature by 3 degrees, it may be desirable
for the liquid at the top layer (e.g., closes to the gas) to
increase, for example, 2 degrees. This top layer of liquid can
be transferred out of the pressure vessel at the end of the
compression cycle, and the system can be replenished with a
new layer of liquid. This can provide a system with entropy
minimization.

In some embodiments, for example, within a multi-stage
CAES system, a liquid purge system can be included at each
stage in the system. In some embodiments, only one stage
may include a liquid purge system. For example, a first stage
ofa CAES system may include a liquid purge system, and the
remaining stages may include heat exchangers or other meth-
ods to remove heat generated during a compression cycle. In
some embodiments, more than one stage, but not all stages,
can include a liquid purge system.

In some embodiments, a compression and/or expansion
device can include a liquid purge system and also include one
ormore heat transfer elements (e.g., a heat transfer element as
described in the Ingersoll II application incorporated by ref-
erence above) disposed within the pressure vessel. In such an
embodiment, some of the heat energy can be transferred to the
heat transfer element(s), and some of the heat energy can be
transferred to the compression liquid. In some embodiments,
the compression and/or expansion device can include a liquid
purge system and not include a heat transfer element.

FIG. 1 schematically illustrates a portion of a compression
and/or expansion device (also referred to herein as “compres-
sion/expansion device”) according to an embodiment. A
compression/expansion device 100 can include one or more
pressure vessels 120 (also referred to herein as “cylinder”)
having a working chamber 126, an actuator 122 by which the
volume of working chamber 126, and/or the portion of the
volume of the working chamber 126 that can be occupied by
gas, can be changed (decreased to compress the gas, increased
to expand the gas), and one or more heat transfer elements 124
disposed within the working chamber 126. The compression/
expansion device 100 also includes a liquid purge system 138
coupled to the working chamber 126 and the actuator 122.
The compression/expansion device 100 can be used, for
example, to compress or expand a gas, such as air, within the
working chamber 126. The compression/expansion device
100 can be used, for example, in a CAES system.

The compression/expansion device 100 can include a gas
inlet/outlet conduit 128 (also referred to as “gas inlet/outlet™),
a first liquid inlet/outlet conduit (also referred to as “first
liquid inlet/outlet”) 130 and a second liquid inlet/outlet con-
duit (also referred to as “second liquid inlet/outlet™) 132, each
in fluid communication with the working chamber 126. In
alternative embodiments, the compression/expansion device
100 can include more or less inlet/outlet conduits. For
example, in some embodiments, two gas inlet/outlet conduits
can be included. In some embodiments, a separate gas inlet
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conduit and gas outlet conduit and/or a separate liquid inlet
and liquid outlet conduit can be included, each in fluid com-
munication with the working chamber 126.

The working chamber 126 can contain at various time
periods during a compression and/or expansion cycle, a liquid
(e.g., water) that can be communicated to and from the work-
ing chamber 126 of the pressure vessel 120 via the first liquid
inlet/outlet 130 and/or the second liquid inlet/outlet 132, and/
or a gas (e.g., air) that can be communicated to and from the
working chamber 126 via the inlet/outlet 128. The compres-
sion/expansion device 100 can also include multiple valves
(not shown in FIG. 1) coupled to the gas inlet/outlet 128, the
first liquid inlet/outlet 130 and the second liquid inlet/outlet
132 and/or to the pressure vessel 120. The valves can be
configured to operatively open and close the fluid communi-
cation to and from the working chamber 126. Examples ofuse
of'such valves are described in more detail in the Compressor
and/or Expander Device applications incorporated by refer-
ence above.

The actuator 122 can be any suitable mechanism for selec-
tively changing the volume of the working chamber 126
and/or the portion of the volume of the working chamber that
can be occupied by gas. For example, the working chamber
126 can be defined by a cylinder and the face of a piston (not
shown in FIG. 1) disposed for reciprocal movement within
the cylinder. Movement of the piston in one direction would
reduce the volume of the working chamber 126, thus com-
pressing gas contained in the working chamber 126, while
movement of the piston in the other direction would increase
the volume of the working chamber 126, thus expanding gas
contained in the working chamber 126. The actuator 122 can
thus be the piston and a suitable device for moving the piston
within the cylinder, such as a pneumatic or hydraulic actuator
such as, for example, the hydraulic actuators described in the
Ingersoll I application.

In some embodiments, the working chamber 126 can have
a fixed volume, i.e. a volume defined by a chamber with fixed
boundaries, and the portion of the volume of the working
chamber 126 that can be occupied by gas can be changed by
introducing a liquid into, or removing a liquid from, the
working chamber 126. Thus, the total volume of the working
chamber 126 can include a first portion containing a volume
of liquid, and a second portion that can contain a volume of
gas. In such embodiments, the actuator 122 can be any suit-
able device for introducing liquid into, or removing liquid
from, the working chamber 126, such as a hydraulic actuator
that can move a liquid in and out of the working chamber 126
via liquid inlet/outlet conduit 130. In such an embodiment,
the actuator 122 can include a water pump (not shown) that
drives a hydraulically driven piston (not shown) disposed
within a housing (not shown) and can be driven with one or
more hydraulic pumps (not shown) to move a volume of
liquid in and out of the working chamber 126. An example of
such a hydraulic actuator is described in the Compressor
and/or Expander Device applications incorporated by refer-
ence above.

In some embodiments, the working chamber can be con-
figured to combine the techniques described above, i.e. the
working chamber can have a variable volume, e.g. using a
cylinder and piston as described above, and the portion of the
variable volume that can be occupied by gas can be changed
by introducing liquid into, or removing a liquid from, the
working chamber. In another embodiment, a constant volume
of liquid can be maintained in the variable volume working
chamber throughout all, or a portion, of the compression
cycle.
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The gas inlet/outlet 128 can be coupled to a source of gas
134, such as, for example, a source of ambient air (at ambient
pressure, or pre-pressurized by another compression system),
and can also be coupled to a compressed gas storage structure
136 to which gas can be transferred after being compressed.
The valves can be used to open and close the fluid communi-
cation between the pressure vessel 120 and the source of gas
134 and between the pressure vessel 120 and the storage
structure 136. The first liquid inlet/outlet 130 can be coupled
to the actuator 122 and can be opened and closed via a valve
to communicate a volume of liquid inside and/or out of the
pressure vessel 120. The second liquid inlet/outlet 132 can be
coupled to the liquid purge system 138 and opened via a valve
to evacuate a volume of the liquid from the pressure vessel
120, as described in more detail below.

The heat transfer element 124 can be a variety of different
configurations, shapes, sizes, structures, etc. to provide a
relatively high surface area per unit volume or mass that can
be in contact with the gas (e.g., air) as it is being compressed
or expanded within the working chamber 126. In some
embodiments, it may be desirable to include a heat transfer
element 124 that can be formed with a material that can
provide high thermal conductivity in a transverse and a lon-
gitudinal direction within the working chamber 126. The heat
transfer element 124 can be formed from one or more of a
variety of different materials. For example, the heat transfer
element 124 can be formed with metals (e.g. stainless steel),
metal wires, hybrid wires, carbon fiber, nano-materials, and
composite materials (e.g. carbon polymer compounds) which
have anti-corrosion properties, are lighter weight, and are less
expensive than some metallic materials.

The heat transfer element 124 can be disposed at various
locations within the working chamber 126 so as to optimize
the heat transfer within the pressure vessel 120. For example,
in some embodiments, the heat transfer element 124 can be
disposed within the working chamber 126 near an end portion
of'the working chamber 126 in a portion occupied by the gas
(e.g., air) near the end of a compression cycle. As the gas is
compressed during the compression cycle, the work done on
the gas adds energy to the gas. During the compression cycle
heat energy is continuously transferred (primarily by conduc-
tive and/or convective, rather than radiant, heat transfer) to the
heat transfer element 124. This transfer maintains the gas
temperature at a lower value than would be the case without
the heat transfer element 124, and moderately increases the
temperature of the heat transfer element 124.

The actuator 122 can be, for example a hydraulic actuator
that can move a liquid in and out of the working chamber 126
viathe first liquid inlet/outlet 130. In such an embodiment, the
actuator 122 can include a water pump (not shown) in which
apiston can be driven with one or more hydraulic pumps (not
shown) to move a volume of liquid in and out of the working
chamber 126. An example of such a hydraulic actuator is
described in the Compressor and/or Expander Device appli-
cations and the Ingersoll I application. In some embodiments,
the actuator 122 can be coupled to, for example, an electric
motor/generator and/or a hydraulically driven actuator such
as, for example, the hydraulic actuators described in the
Ingersoll I application incorporated by reference above.

The liquid purge system 138 can include a pump (not
shown) that can be actuated to move liquid from the working
chamber 126 to a thermal management facility 140. The
pump can also be used to pump liquid from the thermal
management facility 140 to the actuator 122. The thermal
management facility 140 can include, for example, a cooling
tower or a containment pond, where heated liquid removed
from the working chamber 126 can be cooled to a desired
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temperature. The cooled liquid can be cycled back into the
actuator 122 and used again in a compression process as
described in more detail below.

The thermal management facility 140 can also include a
source of heat such as, for example, low grade or waste heat
from an industrial plant, so that heat can be added to the liquid
before it is cycled back into the actuator 122 and used in an
expansion process. In this manner, heat can be added to the
gas to increase the electricity generation from the expansion
process and/or increase the overall efficiency of the expansion
process. For example, heat can be added to the gas at each of
the stages of a multi-stage compression/expansion system to
maintain gas temperatures at a substantially constant tem-
perature, such as at about 35° C., or other temperatures,
during the entire expansion process.

As described above, in some embodiments, the working
chamber 126 can contain a liquid. The actuator 122 can be
used to change the portion of the working chamber 126 that is
available to contain gas, by moving a liquid, such as water,
into and out of the working chamber 126 such that gas, such
as air, within the working chamber 126 is compressed by the
liquid. In such embodiments, depending on the rate at which
the working chamber 126 is filled with liquid, and the heat
transfer properties of the heat transfer element 124, the gas
and the heat transfer element 124 will be relatively closer or
farther from thermal equilibrium. Thus, during some or all of
the compression cycle, the liquid in the working chamber 126
can be caused to contact the heat transfer element 124 to
receive from the heat transfer element 124 heat energy it
received from the compressed gas. Optionally, at the end of
the compression cycle, any pressurized gas remaining in the
working chamber 126 can be released from the working
chamber 126 and transferred to the next step or stage in the
compression process, or to a storage facility. Liquid can then
be moved into the working chamber 126 to substantially fill
the volume previously occupied by gas that was moved from
the working chamber 126 after compression (e.g., by intro-
ducing more liquid and/or by reducing the volume of the
working chamber (e.g. by moving a piston)). The heat energy
stored in the heat transfer element 124 can then be transferred
(again, by conductive and/or convective transfer) to the water
in the working chamber 126.

In one example use of the compression/expansion device
100, a first quantity of gas having a first pressure can be
introduced into the working chamber 126 via the gas inlet/
outlet 128. For example, a gas source 134 can be coupled to
the gas inlet/outlet 128. The gas source can supply, for
example, ambient air. A valve or valves coupled to the gas
inlet/outlet 128 can be opened to allow a quantity of gas (e.g.,
air) to enter the working chamber 126. With the first quantity
of gas disposed within the working chamber 126, the valve
coupled to the gas inlet/outlet 128 can be closed and option-
ally, a valve coupled to the liquid inlet/outlet 130 can be
opened. The actuator 122 can then pump a volume (or quan-
tity) of liquid (e.g., water) into the working chamber 126 via
the first liquid inlet/outlet 130. The volume of liquid can be
pumped into the working chamber 126 such that it com-
presses the gas within the working chamber 126. The gas
inlet/outlet 128 can be opened such that as the volume of
liquid compresses the gas, the compressed gas, now at a
second pressure greater than the first pressure, can exit the
working chamber 126 via the gas inlet/outlet 128 and be
transferred to the storage structure 136 or to another desired
location.

At the end of the compression cycle, a valve coupled to the
second liquid inlet/outlet 132 can be opened to allow a vol-
ume of liquid to be evacuated from the working chamber 126.
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As described above, heat energy can be transtferred from the
gas to the liquid and/or from the heat transter element 124 to
the liquid. Some or all of the volume of liquid can then be
evacuated or purged from the working chamber 126 via the
liquid purge system 138 and transferred to the thermal man-
agement facility 140. If only a portion of the volume of liquid
used to compress the gas is evacuated via the liquid purge
system 138, the remaining portion or volume of liquid can be
moved back into the actuator 122 via the first liquid inlet/
outlet 130. Cooled liquid can be transferred from the thermal
management facility 140 to the actuator 122 to replace the
volume of liquid that has been evacuated.

In alternative embodiments, the thermal management
facility 140 can transfer a volume of liquid to the actuator 122
via a separate pump, rather than the pump of the liquid purge
system 138. For example, a pump can be provided between
the thermal management facility 140 and the actuator 122. In
such an embodiment, the liquid purge system 138 can be
coupled directly to the thermal management facility 140 via a
conduit, but may not be coupled directly to the actuator 122.

In another example use of the compression/expansion
device 100, a valve coupled to the second liquid inlet/outlet
132 can be opened to allow a volume of warmed liquid from
the thermal management facility 140 to be introduced into the
working chamber 126. The valve coupled to the second liquid
inlet/outlet 132 can be closed and a valve or valves coupled to
the gas inlet/outlet 128 can be opened to allow a quantity of
gas at a first pressure (e.g. air) from the storage structure 136
to enter the working chamber 126. As the gas enters the
working chamber 126 it expands and forces a volume (or
quantity) of liquid (e.g., water) into the actuator 122 via the
first liquid inlet/outlet 130. This movement of liquid into the
actuator 122 can be used, for example, to generate electricity.

Atthe end of the expansion cycle, a valve coupled to the gas
inlet/outlet 128 can be opened to allow the expanded gas, now
at a second pressure less than the first pressure, to be evacu-
ated from the working chamber 126 to the next stage in a
multi-stage expansion process or to the atmosphere. As
described above, heat energy can be transferred from the
liquid to the gas and/or from the heat transter element 124 to
the gas. Some or all of the volume of cooled liquid can then be
evacuated or purged from the working chamber 126 and/or
actuator 122 and transferred to the thermal management facil-
ity 140. Warmed liquid can be transferred from the thermal
management facility 140 to the working chamber 126 to
replace the volume of liquid that has been evacuated.

FIGS. 2-6 illustrate a compression/expansion device
according to another embodiment. A compression/expansion
device 200 includes a pressure vessel 220, an actuator 222
coupled to the pressure vessel 220, and a liquid purge system
238 coupled to the pressure vessel 220 and the actuator 222.
The compression/expansion device 200 can be used, for
example, to compress a gas, such as air, within the pressure
vessel 220 and/or to pressurize and/or pump a liquid, such as
water. The compression/expansion device 200 can also be
used in a compression and expansion system such as a com-
pressed air energy storage system. The compression/expan-
sion device 200 described below refers to the use of water as
the liquid and air as the gas for discussion purposes. It should
be understood that in alternative embodiments, a different
liquid and/or a different gas can be used.

Coupled to the pressure vessel 220 is a gas inlet/outlet
conduit 228 (also referred to a as “gas inlet/outlet”), a liquid
inlet/outlet conduit 230 (also referred to as “liquid inlet/out-
let”) and a liquid outlet conduit 232 (also referred to as “liquid
outlet”), each in fluid communication with a working cham-
ber 242 of the pressure vessel 220. The pressure vessel 220
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can contain within the working chamber 242 at various time
periods during a compression and/or expansion cycle, a fluid,
such as a liquid (e.g., water) and/or a gas (e.g., air). The fluid
can be communicated to and from the working chamber 242
via the liquid inlet/outlet 230 or liquid outlet 232 for the
liquid, or gas inlet/outlet 228 for the gas. The compression/
expansion device 200 can also include multiple valves 244
coupled to the gas inlet/outlet 228, liquid inlet/outlet 230 and
liquid outlet 232 and/or to the pressure vessel 220. The valves
244 can be configured to operatively open and close the fluid
communication to and from the working chamber 242.
Examples of use of such valves are described in more detail in
the Compressor and/or Expander Device applications incor-
porated by reference above.

The gas inlet/outlet 228 can be coupled to, and in fluid
communication with, a source of gas 234, such as, for
example, a source of ambient air. The gas inlet/outlet 228 can
also be coupled to, and in fluid communication with, a com-
pressed gas storage structure 236 to which the compressed
gas can be transferred. Valves 244 can be used to alternately
open and close the fluid communication between the working
chamber 242 and the source of gas 234 and the working
chamber 242 and the storage structure 236. The liquid inlet/
outlet 230 can be coupled to the actuator 222 and can be
opened and closed via an optional valve 244 to communicate
a volume of liquid to and from the working chamber 242 of
the pressure vessel 220. The liquid outlet 232 can be coupled
to, and in fluid communication with, the liquid purge system
238 and opened to evacuate a volume of the liquid from the
working chamber 242 as described in more detail below.

The actuator 222 can be configured the same as, or similar
to, actuator 122 described above. The actuator 222 includes a
piston 252 disposed within a housing 254 that can be actuated
to move liquid between the housing 254 and the working
chamber 242 via the liquid inlet/outlet 230. The piston 252
can be coupled to, for example, an electric motor/generator or
a hydraulically driven actuator, configured to actuate the pis-
ton 252.

The liquid purge system 238 includes a pump 246 coupled
to, and in fluid communication with, the liquid outlet 232, and
a first conduit 248 coupled to, and in fluid communication
with, a thermal management facility 240. The liquid purge
system 238 also includes a second conduit 250 coupled to,
and in fluid communication with, the pump 246 and the
actuator 222. The pump 246 can be actuated to move liquid
from the working chamber 242 to the thermal management
facility 240. The pump 246 can also be actuated to pump
liquid from the thermal management facility 240 to the actua-
tor 222. As described above, the thermal management facility
240 can be, for example, a cooling tower or a settling pond,
where heated liquid removed from the working chamber 242
can be cooled to a desired temperature. The cooled liquid can
be cycled back into the actuator 222 and used again in a
compression process as described in more detail below.

In one example use, a first quantity of gas having a first
pressure can be introduced into the working chamber 242 in
the direction of arrow A (shown in FIG. 2) via the gas inlet/
outlet 228. For example, the valves 244 coupled to the gas
inlet/outlet 228 can be actuated to allow a quantity of gas from
the source of gas 234 to be introduced into the working
chamber 242 of the pressure vessel 220. With the first volume
of gas disposed within the pressure vessel 220, the valves 244
coupled to the gas inlet/outlet 228 can be closed and option-
ally, a valve 244 coupled to the liquid inlet/outlet 230 can be
opened. The actuator 222 can then pump a volume of liquid
(e.g., water) into the working chamber 242 via the liquid
inlet/outlet 230 in the direction of arrow B shown in FIG. 3.
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The volume of liquid can be pumped into the working cham-
ber 242 such that it compresses the gas within the working
chamber 242. As the volume of liquid compresses the gas
within the working chamber 242, the compressed gas, now at
a second pressure greater than the first pressure, can exit the
working chamber 242 via the gas inlet/outlet 228 and be
transferred to the storage structure 236 as shown by arrow C
in FIG. 3. For example, valves 244 coupled to the gas inlet/
outlet 228 can be actuated to allow the compressed gas to be
moved from the working chamber 242 to the storage structure
236.

Atthe end of the compression cycle, a valve 244 coupled to
the liquid outlet 232 can be opened to allow a volume of liquid
256 to be evacuated from the working chamber 242 as shown
by arrow D in FIG. 4. As described above, at least some of the
heat energy from the compression process can be transferred
from the gas to the liquid. The evacuated volume of liquid 256
can then be transferred to the thermal management facility
240 via the liquid purge system 238. For example, the volume
of'liquid 256 can be pumped through the liquid outlet 232 and
then pumped through the conduit 248 and into the thermal
management facility 240. The remaining portion or volume
of liquid 258 within the working chamber 242 can be moved
back into the actuator 222 in the direction of arrow E via the
liquid inlet/outlet 230, as shown in FIG. 5. Cooled liquid from
the thermal management facility 240 can be transferred back
to the actuator 222 to replace the volume of liquid 256 that has
been evacuated as shown by arrow F in FIG. 6. The above
process can then be repeated to continuously compress gas.

In some embodiments, the cooled liquid can be transferred
from the thermal management facility 240 to the actuator 222
after the remaining liquid 258 in the working chamber 242 is
moved back into the actuator 222. In some embodiments, the
cooled liquid can be transferred from the thermal manage-
ment facility 240 to the actuator 222 simultaneously with the
remaining liquid 258 in the working chamber 242 being
moved back into the actuator 222. In some embodiments, the
cooled liquid can be transferred from the thermal manage-
ment facility 240 directly back to the working chamber 242.

In some embodiments, as the process is repeated, a quan-
tity of gas can be introduced into the working chamber 242 as
shown by arrow G in FIG. 6 simultaneously with the cooled
liquid being transferred into the actuator 222. In some
embodiments, a quantity of gas can be introduced into the
working chamber 242 simultaneously with the remaining
liquid 258 in the working chamber 242 being moved back into
the actuator 222. In some embodiments, a quantity of gas can
be introduced into the working chamber 242 after the remain-
ing liquid 258 in the working chamber 242 has been moved
back into the actuator 222. In some embodiments, a quantity
of'gas can be introduced into the working chamber 242 simul-
taneously with the remaining liquid 258 in the working cham-
ber 242 being moved back into the actuator 222 and simulta-
neously with the cooled liquid being transferred into the
actuator 222.

In the above example, an unspecified volume of liquid 256
was evacuated from the pressure vessel 220. It should be
understood that various volumes of liquid can be evacuated.
For example, in some embodiments, 5%, 10%, 15%, 20%,
25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 95% or 100% of the liquid used to
compress the gas can be evacuated from the working chamber
242 with the liquid purge system 238.

FIG. 7 illustrates another embodiment of a compression/
expansion device. A compression/expansion device 300
includes a pressure vessel 320, an actuator 322 coupled to the
pressure vessel 320, and a liquid purge system 338 coupled to
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a working chamber 342 of the pressure vessel 320 and the
actuator 322. The compression/expansion device 300 can be
used, for example, to compress a gas, such as air, within the
working chamber 342 and/or to pressurize and/or pump a
liquid, such as water. The compression/expansion device 300
can also be used in a compression and expansion system such
as a compressed air energy storage system and/or other suit-
able applications as described above.

The compression/expansion device 300 includes a gas inlet
329, a gas outlet 328, and a liquid inlet/outlet 330, each
coupled to the pressure vessel 320 and in fluid communica-
tion with working chamber 342 of the pressure vessel 320.
The pressure vessel 320 can contain within the interior region
342 at various time periods during a compression and/or
expansion cycle, a fluid, such as aliquid (e.g., water) and/or a
gas (e.g., air). As described above for compression/expansion
device 200, the compression/expansion device 300 can also
include multiple valves 344 each coupled to one of the gas
inlet 329, the gas outlet 328, the liquid inlet/outlet 330, and/or
to the pressure vessel 320. The valves 344 can be configured
to operatively open and close the fluid communication to and
from the pressure vessel 320.

The gas inlet 329 can be coupled to, and in fluid commu-
nication with, a source of gas (not shown), such as, for
example, a source of ambient air. The gas outlet 328 can be
configured to communicate gas from the working chamber
342 to another location, such as, for example, a compressed
gas storage structure (not shown). The liquid inlet/outlet 330
can be coupled to the actuator 322 and can be opened and
closed via a valve 344 to communicate liquid to and from the
working chamber 342 to the actuator 322.

The compression/expansion device 300 also includes a
liquid outlet 332 coupled to, and in fluid communication with,
the liquid purge system 338 and the working chamber 342.
The liquid outlet 332 can be opened to evacuate a volume of
the liquid from working chamber 342 as described above for
compression/expansion device 200.

The actuator 322 can be configured the same as, or similar
to, actuator 122 and/or actuator 222 described above. The
actuator 322 includes a piston 352 disposed within a housing
354 that can be actuated to move liquid between the housing
354 and the working chamber 342 via the liquid inlet/outlet
330. The piston 352 can be coupled to, for example, an elec-
tric motor configured to actuate the piston 352.

The liquid purge system 338 includes a pump (not shown)
coupled to, and in fluid communication with, the liquid outlet
332, and a first conduit 348 coupled to, and in fluid commu-
nication with, a thermal management facility 340. The pump
can be actuated to move liquid from the working chamber 342
to the thermal management facility 340. The thermal man-
agement facility 340 can include a pump (not shown) config-
ured to pump cooled liquid to the actuator 322 via a conduit
350.

In this embodiment, the compression/expansion device
300 includes a heat transfer element 324 in the form of mul-
tiple elongate members 360 arranged in a bundle and extend-
ing vertically within the working chamber 342. The elongate
members 360 can be coupled together with a strap or band
(not shown) that is coupled to the wall of the pressure vessel
320 with a suitable coupling mechanism (not shown), such as,
for example, a bracket or clamp bolted to the wall of the
pressure vessel 320. The elongate members 360 can be solid
or tubular (e.g., define a lumen). As liquid flows into the
working chamber 342, the liquid can flow between the elon-
gate members 360 and compress the gas (e.g., air) disposed
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within the working chamber 342. Heat energy can be trans-
ferred to the liquid and/or to the elongate members 360 of the
heat transfer element 324.

The compression/expansion device 300 can be used in the
same or similar manner as described above for compression/
expansion device 200. In one example use, a first quantity of
gas having a first pressure can be introduced into the working
chamber via the gas inlet 329. With the first quantity of gas
disposed within the working chamber 342, the actuator 322
can then pump a volume of liquid (e.g., water) into the work-
ing chamber 342 via the liquid inlet/outlet 330 such that the
liquid compresses the gas within the working chamber 342.
As the volume of liquid compresses the gas, the compressed
gas, now at a second pressure greater than the first pressure,
can exit the working chamber 342 via the gas outlet 328 and
be transferred to a desired location. As the liquid flows within
the pressure vessel 320 the liquid can flow between the elon-
gate members 360 such that at least some of the heat gener-
ated during compression can be transferred to the elongate
members 360. As described above, at least some of the heat
energy generated can be transterred from the gas to the liquid.

With the elongate members 360 disposed within the work-
ing chamber 342, the liquid is effectively separated into rela-
tively long, narrow columns, which reduces the amount of
vertical mixing of the liquid. This leads to vertical stratifica-
tion of the liquid columns. The resulting temperature at a top
layer portion of the liquid, i.e., closest to the gas/liquid inter-
face where heat energy is transferred from the gas to the
liquid, will be greater than other portions of the liquid that are
further away from the gas/liquid interface. When the com-
pression cycle is complete, this higher temperature layer or
volume of liquid can then be evacuated from the working
chamber 342 with the liquid purge system 338, as described
above for previous embodiments.

Specifically, at the end of the compression cycle, a volume
ofliquid 356 can be evacuated from the working chamber 342
and transferred to the thermal management facility 340 via
the liquid purge system 338. The remaining portion or volume
of liquid 358 within the working chamber 342 can be moved
back into the actuator 322 via the liquid inlet/outlet 330.
Cooled liquid from the thermal management facility 340 can
be transferred to the actuator 322 to replace the volume of
liquid 356 that has been evacuated. The above process can
then be repeated.

The amount of heat energy removed from the working
chamber 342 can thus be controlled by the amount of liquid
removed, and by the location within the working chamber 342
from which the liquid is removed. For example, if there is
relatively little vertical mixing of the liquid, the heat energy
transferred from the gas to the liquid can be relatively con-
centrated near the gas/liquid interface, and a relatively large
portion of the total transferred heat energy can be removed
from the working chamber 342 by removing a relatively small
portion of the liquid.

FIG. 8 schematically illustrates a portion of a compressor/
expander device according to another embodiment. A com-
pressor/expander device 400 can include one or more pres-
sure vessels (cylinders) 420 having a first working chamber
462 and a second working chamber 464, an actuator 421
connected to a piston 466 via a piston rod 427, and first heat
transfer element 423 and a second heat transfer element 425
disposed within the pressure vessel 420. The compression/
expansion device 400 can be used in the same or similar
manner as described above for previous embodiments, to
compress and/or expand a gas (e.g., air). In this embodiment,
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the piston 466 is used to move a liquid within the pressure
vessel 420 to compress and/or expand a gas within the pres-
sure vessel 420.

More specifically, the first heat transfer element 423 is
disposed within the first working chamber 462 and the second
heat transfer element 425 is disposed within the second work-
ing chamber 464. The compressor/expander device 400 can
be used, for example, to compress and/or expand a gas, such
as air, within the first working chamber 462 or the second
working chamber 464. The compressor/expander device 400
can be used, for example, in a CAES system. The pressure
vessel 420 can include an inlet conduit 428 and an outlet
conduit 429 in fluid communication with the first working
chamber 462 and an inlet conduit 430 and an outlet conduit
431 in fluid communication with the second working cham-
ber 464. The first working chamber 462 and the second work-
ing chamber 464 can contain, at various time periods during
a compression and/or expansion cycle, a quantity of the gas
(e.g., air) and a quantity of the liquid (e.g., water) that can be
communicated to and from the working chambers via the
inlet/outlet conduits. Optionally, the pressure vessel 420 can
include one or more additional conduits in fluid communica-
tion with the first working chamber 462 or the second work-
ing chamber 464 specifically dedicated to communicating gas
or liquid to or from the first and second working chambers
462, 464. The compressor/expander device 400 can also
include multiple valves (not shown in FIG. 8) coupled to the
inlet/outlet conduits 428, 429, 430, and 431 and/or to the
pressure vessel 420. The valves can be configured to opera-
tively open and close the fluid communication to and from the
working chambers 462 and 464. Examples of use of such
valves are described in more detail in the Compressor and/or
Expander Device applications incorporated by reference
above.

The actuator 465 can be any suitable mechanism for caus-
ing reciprocal movement of the piston 466 within the pressure
vessel 420. As the piston 466 is moved back and forth within
the pressure vessel 420, the volume of the first working cham-
ber 462 and the second working chamber 464 and/or the
portion of the volume of the first working chamber 462 and
the second working chamber 464 that can be occupied by gas
can be selectively changed. The actuator 465 can be for
example, an electric motor or a hydraulically driven actuator
such as, for example, the hydraulic actuators described in the
Ingersoll 1 application incorporated herein by reference
above. The actuator 465 can be coupled to the piston 466 via
the piston rod 427 and used to move the piston 466 back and
forth within the interior region of the pressure vessel 420. For
example, the working chamber 462 can be defined by the
cylinder 420 and the bottom face of piston 466. Similarly, the
working chamber 464 can be defined by the cylinder 420 and
the top face of the piston 466. In this manner, the piston 466
is movably disposed within the interior region of the cylinder
420 and can divide the interior region between a first interior
region (working chamber 462) and a second interior region
(working chamber 464).

As the piston 466 moves back and forth within the interior
region of the cylinder 420, a volume of the first working
chamber 462 and a volume of the second working chamber
464 will each change. For example, the piston 466 can be
moved between a first position (e.g., top dead center) in which
the first working chamber 462 includes a volume of fluid
greater than a volume of fluid in the second working chamber
464, and a second position (e.g., bottom dead center) in which
the second working chamber 464 includes a volume of fluid
greater than a volume of fluid in the first working chamber
462. As used herein, “fluid” means a liquid, gas, vapor, sus-
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pension, aerosol, or any combination of thereof. At least one
seal member (not shown), such as, for example, a rolling seal
member can be disposed within the first working chamber
462 and the second working chamber 464 of the cylinder 420
and can be attached to the piston 466. The arrangement of the
rolling seal member(s) can fluidically seal the first working
chamber 462 and the second working chamber 464 as the
piston 466 moves between the first position (i.e., top dead
center) and the second position (i.e., bottom dead center).
Examples and use of a rolling seal member are described in
more detail in the Ingersoll III application incorporated by
reference above.

In some embodiments, the piston 466 is moved within the
pressure vessel 420 to compress a gas, such as air, within the
pressure vessel 420. In some embodiments, the piston 466 can
be configured to be single-acting (e.g., actuated in a single
direction to compress and/or expand gas). As shown in FIG. 8,
the compressor/expander device 400 is configured to be
double-acting in that the piston 466 can be actuated in two
directions. In other words, the piston 466 can be actuated to
compress and/or expand gas (e.g., air) in two directions. For
example, in some embodiments, as the piston 466 is moved in
afirstdirection, a first volume of a fluid (e.g., water, air, and/or
any combination thereof) having a first pressure can enter the
first working chamber 462 of the cylinder 420 on the bottom
side of the piston 466. In addition, a second volume of the
fluid having a second pressure can be compressed by the top
side of the piston 466 in the second working chamber 464.
The gas portion of the second volume of fluid can then exit the
second working chamber 464. When the piston 466 is moved
in a second direction opposite the first direction, the gas
portion of the first volume of fluid within the first working
chamber 462 can be compressed by the piston 466. The gas
portion of the first volume of fluid can then exit the first
working chamber 462 having a third pressure greater than the
first pressure, and simultaneously a third volume of fluid can
enter the second working chamber 464.

The heat transfer element 423 disposed within the first
working chamber 462 and the heat transfer element 425 dis-
posed within the second working chamber 464 can be a vari-
ety of different configurations, shapes, sizes, structures, etc.
to provide a relatively high surface area per unit volume or
mass that can be in contact with the gas (e.g., air) as it is being
compressed or expanded. In this embodiment, as shown in
FIG. 8, the heat transfer element 423 is disposed near the
bottom surface of the piston 466 and the heat transfer element
425 is disposed at a top portion of the second working cham-
ber 464. In some embodiments, the heat transfer element 423
disposed within the first working chamber 462 can be
attached to the bottom face of the piston 466. Similarly, in
some embodiments, the heat transfer element 425 disposed
within the second working chamber 464 can be attached to the
top face ofthe piston 466, as described in further detail herein.
In such embodiments, the heat transfer elements 423, 425 can
move with the piston 466 as it is actuated.

In some embodiments, it may be desirable to form the heat
transfer elements 424 with a material that can provide high
thermal conductivity. For example, the heat transfer elements
424 (i.e., the heat transfer element 423 and the heat transfer
element 424) can be formed with metals (e.g. stainless steel)
in the form of, for example, sheet or wire, carbon fiber, nano-
materials, and hybrid or composite materials (e.g. carbon
polymer compounds) which have anti-corrosion properties,
are lighter weight, and are less expensive than some metallic
materials. The heat transfer elements 424 can be, for example,
substantially similar to the heat transfer element 324
described with respect to FIG. 7.
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The compressor/expander device 400 also includes an
actuator 421 and an actuator 422 that can each be configured
the same as, or similar to, actuator 122 and/or actuator 222
described above. The actuators 421 and 422 can each include
a piston (not shown) disposed within a housing (not shown).
The actuator 422 can be actuated to move liquid between the
housing and the first working chamber 462 via a liquid inlet/
outlet 433, and the actuator 421 can be actuated to move
liquid between the housing and the second working chamber
464 via a liquid inlet/outlet 435. The pistons of the actuators
421 and 422 can each be coupled to, for example, an electric
motor or hydraulic actuator configured to actuate the pistons.

The compression/expansion device 400 can also include a
first liquid outlet 468 coupled to, and in fluid communication
with, a liquid purge system 438 and the first working chamber
462, and a second liquid outlet 470 coupled to, and in fluid
communication with, the liquid purge system 438 and the
second working chamber 464. The liquid purge system 438
can be configured the same as or similar to, and function the
same as or similar to, the liquid purge systems 238 and 338
described above. The first liquid outlet 468 can be opened to
evacuate a volume of the liquid from the first working cham-
ber 462, and the second liquid outlet 470 can be opened to
evacuate a volume of the liquid from the second working
chamber 464, as described above for previous embodiments.

The liquid purge system 438 can include a first pump (not
shown) coupled to, and in fluid communication with, the first
liquid outlet 468, and a first conduit (not shown) coupled to,
and in fluid communication with, a thermal management
facility (not shown). The liquid purge system 438 can also
include a second pump (not shown) coupled to, and in fluid
communication with, the second liquid outlet 470, and a
second conduit (not shown) coupled to, and in fluid commu-
nication with, the thermal management facility. The pumps
can each be actuated to move liquid from the first working
chamber 462 and the second working chamber 464 to the
thermal management facility. The thermal management facil-
ity can include a pump (not shown) configured to pump
cooled liquid to the actuator 421 and 422. In some embodi-
ments, the liquid purge system 438 and actuators 421 and 422
can be subsystems of a liquid management system that
includes a thermal management facility.

In use, when the piston 466 is actuated to compress a gas
within the pressure vessel 420, the liquid purge system 438
can be used to remove heat generated during the compression
process. For example, when the piston 466 is actuated to
compress a gas within the second working chamber 464, heat
generated during compression can be transferred to the heat
transfer element 425 and then from the heat transfer element
425 and by pumping a volume of liquid into the second
working chamber 464 using the actuator 421. The liquid
pumped into the second working chamber 464 can also con-
tribute to the compression of the gas as described above for
previous embodiments. During the compression process, the
resulting temperature at a top layer portion of the liquid, i.e.,
closest to the gas/liquid interface where heat energy is trans-
ferred from the gas to the liquid, will be greater than other
portions of the liquid that are further away from the gas/liquid
interface. When the compression cycle is complete (e.g.,
when the piston 466 reaches the end of its stroke at a top
portion of the second working chamber 464) this higher tem-
perature layer or volume of liquid can then be evacuated from
the second working chamber 464 via the conduit 470 with the
liquid purge system 438, as described above for previous
embodiments.

Specifically, at the end of the compression cycle, a volume
ofliquid can be evacuated from the second working chamber
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464 and transferred to the thermal management facility via
the liquid purge system 438. The remaining portion or volume
of liquid within the second working chamber 464 can be
moved back into the actuator 421 via the liquid inlet/outlet
435. Cooled liquid from the thermal management facility can
be transferred to the actuator 421 to replace the volume of
liquid thathas been evacuated. The same process occurs when
the piston 466 is moved in the opposite direction to compress
gas within the first working chamber 462.

The amount of heat energy removed from the working
chambers 462 and 464 can thus be controlled by the amount
of liquid removed, and by the location within the working
chambers 462, 464 from which the liquid is removed. For
example, if there is relatively little vertical mixing of the
liquid, the heat energy transferred from the gas to the liquid
can be relatively concentrated near the gas/liquid interface,
and a relatively large portion of the total transferred heat
energy can be removed from the working chambers 462, 464
by removing a relatively small portion of the liquid.

While various embodiments of the invention have been
described above, it should be understood that they have been
presented by way of example only, and not limitation. Where
methods and steps described above indicate certain events
occurring in certain order, those of ordinary skill in the art
having the benefit of this disclosure would recognize that the
ordering of certain steps may be modified and that such modi-
fications are in accordance with the variations of the inven-
tion. Additionally, certain of the steps may be performed
concurrently in a parallel process when possible, as well as
performed sequentially as described above. The embodi-
ments have been particularly shown and described, but it will
beunderstood that various changes in form and details may be
made.

For example, although various embodiments have been
described as having particular features and/or combinations
of components, other embodiments are possible having any
combination or sub-combination of any features and/or com-
ponents from any of the embodiments described herein. Addi-
tionally, the specific configurations of the various compo-
nents of a compression/expansion device can also be varied.
For example, the size and specific shape of the various com-
ponents can be different than the embodiments shown, while
still providing the functions as described herein.

Although not shown, the compression/expansion device
200 can optionally include a heat transfer element disposed
within the working chamber 242 of the pressure vessel 220 as
described above for compression/expansion device 100 and
compression/expansion device 300. In such an embodiment,
heat energy from a compression process can be transferred to
the heat transfer element and to the liquid used to compress
the gas.

As previously described, in some embodiments, a com-
pression and/or expansion device as described herein can be
used within a multi-stage air compression/expansion system.
Insome such embodiments, a liquid purge system can be used
to evacuate a volume or portion of liquid from one stage of the
multi-stage compression/expansion system, and transfer the
evacuated liquid to thermal management facility as described
above. In some embodiments, a liquid purge system can be
used to evacuate a volume or portion of liquid from one stage
of the multi-stage compression/expansion system, and trans-
fer the evacuated liquid to another stage of the system.

What is claimed is:

1. An apparatus suitable for use in a compressed gas-based
energy storage and recovery system, the apparatus compris-
ing:
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a compressor subassembly comprising:

a pressure vessel having a working chamber adapted to
contain a liquid and a gas; and

a hydraulic actuator fluidically coupled to the pressure
vessel and comprising a working piston disposed
therein for reciprocating movement; and

a liquid purge system fluidically coupled to the hydraulic

actuator, wherein:

the working piston is moveable in a first direction to
displace a liquid from the hydraulic actuator to the
working chamber of the pressure vessel to compress
gas therein and to absorb heat energy from the gas
being compressed;

the liquid purge system is adapted to transfer a portion of
heated liquid from the compressor subassembly to the
liquid purge system; and

the working piston is moveable in a second direction to
return a remaining portion of heated liquid from the
working chamber of the pressure vessel to the hydrau-
lic actuator.

2. The apparatus of claim 1, wherein the liquid purge
system is further adapted to transfer cooled liquid to the
compressor subassembly to replace the portion of heated
liquid transferred to the liquid purge system.

3. The apparatus of claim 2, further comprising a thermal
management system fluidically coupled to the liquid purge
system and adapted to cool heated liquid received from the
liquid purge system.

4. The apparatus of claim 1, wherein the portion of heated
liquid transferred to the liquid purge system comprises a
predetermined volume of liquid selected to remove a desired
amount of heat energy from the compressor subassembly.

5. The apparatus of claim 1, further comprising a heat
transfer element disposed within the working chamber of the
pressure vessel, the heat transfer element being adapted to
receive heat energy from the gas being compressed.

6. The apparatus of claim 5, wherein the heat transfer
element is adapted to transfer heat energy received from the
compressed gas to the liquid in the working chamber of the
pressure vessel.

7. The apparatus of claim 1, wherein:

the compressor subassembly comprises a compressor/ex-

pander subassembly;

the pressure vessel is adapted to expand gas in the working

chamber to displace a second liquid from the working
chamber to the hydraulic actuator and to transfer heat
energy to the gas being expanded; and

the liquid purge system is adapted to transfer a portion of

the second liquid from the compressor/expander subas-
sembly to the liquid purge system.

8. The apparatus of claim 7, wherein the liquid purge
system is further adapted to transfer heated liquid to the
compressor/expander subassembly to replace the portion of
the second liquid transferred to the liquid purge system.

9. The apparatus of claim 8, further comprising a thermal
management system fluidically coupled to the liquid purge
system and adapted to heat cooled liquid received from the
liquid purge system.

10. The apparatus of claim 1, further comprising a second
actuator coupled to the working piston and adapted to move
the working piston in the first and second directions.

11. A method for operating a compressed gas-based energy
storage and recovery system, the system comprising:

a compressor subassembly comprising:

a pressure vessel having a working chamber adapted to
contain a liquid and a gas; and
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a hydraulic actuator fluidically coupled to the pressure
vessel and comprising a working piston disposed
therein for reciprocating movement; and

a liquid purge system fluidically coupled to the hydraulic

actuator, the method comprising the steps of:

moving the working piston in a first direction to displace
a liquid from the hydraulic actuator to the working
chamber of the pressure vessel to compress gas
therein and to absorb heat energy from the gas being
compressed;

transferring a portion ofheated liquid from the compres-
sor subassembly to the liquid purge system; and

moving the working piston in a second direction to dis-
place a remaining portion of heated liquid from the
working chamber of the pressure vessel to the hydrau-
lic actuator.

12. The method of claim 11, further comprising transfer-
ring cooled liquid to the compressor subassembly to replace
the portion of the heated liquid transferred to the liquid purge
system.

13. The method of claim 12, wherein the system further
comprises a thermal management system fluidically coupled
to the liquid purge system, the method further comprising
cooling, by the thermal management system, heated liquid
received from the liquid purge system.

14. The method of claim 11, wherein the portion of heated
liquid transferred to the liquid purge system comprises a
predetermined volume of liquid selected to remove a desired
amount of heat energy from the compressor subassembly.

15. The method of claim 11, wherein the system further
comprises a heat transfer element disposed within the work-
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ing chamber of the pressure vessel, the method further com-
prising receiving, by the heat transfer element, heat energy
from the gas being compressed.

16. The method of claim 15, further comprising transfer-
ring, by the heat transfer element, heat energy received from
the compressed gas to the liquid in the working chamber of
the pressure vessel.

17. The method of claim 11, wherein the compressor sub-
assembly comprises a compressor/expander subassembly,
the method further comprising:

expanding gas in the working chamber of the pressure

vessel to displace a second liquid from the working
chamber to the hydraulic actuator and to transfer heat
energy to the gas being expanded; and

transferring a portion of the second liquid from the com-

pressor/expander subassembly to the liquid purge sys-
tem.

18. The method of claim 17, further comprising transfer-
ring heated liquid to the compressor/expander subassembly
to replace the portion of the second liquid transferred to the
liquid purge system.

19. The method of claim 18, wherein the system further
comprises a thermal management system fluidically coupled
to the liquid purge system, the method further comprising
heating, by the thermal management system, cooled liquid
received from the liquid purge system.

20. The method of claim 11, wherein the system further
comprises a second actuator coupled to the working piston
and adapted to move the working piston in the first and second
directions.



